Talpanas lippa is described as a new genus and species of waterfowl from Kauai, Hawaiian Islands, that is unlike any other known member of the order. It is characterized by a short, stout tarsometatarsus and a braincase that is shallow and wide relative to its length with very small orbits. In comparison with extant species, the optic foramen of Talpanas is remarkably small whereas the maxillo-mandibular foramen, which is the exit point of the trigeminal nerve, is grossly enlarged. Relative to skull length and foramen magnum area, the maxillo-mandibular foramen is one order of magnitude larger in cross-sectional area than that of extant Anseriformes. We conclude that Talpanas had reduced visual abilities, as reflected externally by its small orbits and optic foramen, and a grossly hypertrophied trigeminal foramen. Taken together, this suggests that Talpanas may have been more heavily reliant upon somatosensory (tactile) cues for foraging than any living species of bird. Pectoral elements are unknown, but the evident lack of keen eyesight suggests that the species was flightless, as were many other insular waterfowl.
Introduction
The Hawaiian Islands have provided a wealth of information concerning the evolution and diversification of insular biotas. The fossil record has greatly enriched the known diversity of birds in the islands, with at least 39 new species having been documented from deposits throughout the archipelago (Olson & James 1982 , 2003 . Most, indeed probably all, of those species apparently became extinct in the past 1500 years or so since the islands were first colonized by humans (opp. cit.). Included are songbirds, raptors, and a diverse array of flightless taxa derived from at least 6 independent colonizations that included rails (Rallidae), an ibis (Plataleidae), and waterfowl (Anatidae). Among the last and perhaps the most unusual are the moa-nalos-3 genera and 4 species of large herbivores with tiny wings, that are evolutionarily derived from dabbling ducks (Sorensen et al. 1999) . Here, we describe another new and extraordinary species of waterfowl from the island of Kauai that is strikingly unlike any anatid previously known in Hawaii or elsewhere in the world. An exquisitely preserved neurocranium excavated in Holocene lake sediments establishes that this bird had very small eyes and hence probably poor vision. These features, combined with enhanced somatosensory abilities, indicate a dramatic adaptation for tactile foraging that appears to have been better developed than in any other known bird.
Materials and methods
Etymology. L. talpa (f.) a mole, plus anas (f.), a duck, in allusion to the greatly reduced size of the eyes. The gender is feminine. Among mammals, the closest analog of the new genus of duck in the appearance of the cranium, as well as in the similarity in trigeminal enlargement (Home 1802) , is the platypus (Ornithorhynchus anatinus), an alternate vernacular of which among Australian colonists was "duck-mole." The reduced eyes and poor vision of moles (Talpidae) are well known.
Diagnosis. Anatidae with braincase very broad and dorsoventrally compressed, with greatly reduced orbits. Maxillo-mandibular foramen and foramen n. olfactorii greatly enlarged relative to all other waterfowl. The orbit is greatly reduced in size and laterally displaced, allowing the nasal cavity to extend caudally and directly abut the brain cavity. There is consequently no mesethmoidal sulcus for the olfactory nerves, whereas in other anatids the orbit separates the olfactory and brain cavities, requiring long olfactory nerves to traverse the orbit. The nasal gland depressions are seated against extensive flat surfaces of the frontal that face laterad, whereas in most other Anatidae these depressions face dorsad. Chronology and stratigraphy. Mid to late Holocene (Burney et al. 2001) . All specimens are from Excavation EP (5) at depths of 2.6 to 3.5 m below datum (= 1.4 to 1.7 m below sea level). A fruit of Cordia from the same square and level as the holotype had a calibrated radiocarbon age range of 5490-5305 YBP. The paratypes were all from somewhat deeper in the deposits.
Etymology. L. lippus, nearly blind. Distribution. Known only from the type-locality on the island of Kauai, Hawaiian Islands. Diagnosis. As for the genus. Body mass estimates compared with the mass of living species (Dunning 2008) as well as standard markers, such as diameter of the acetabulum (see Materials and Methods), indicate a medium-large duck (692-1072 g) about the size of a Northern Pintail (Anas acuta) or female Mallard (Anas platyrhynchos), but with a much shorter, stouter leg.
Measurements (mm) of holotype. Overall length 36.5; width of brain case 26.7; depth of brain case 19.9; minimum distance between the two orbits (taken dorsally) 10.5; width of nasofrontal hinge 12.5; width across lacrimals 15.4; width across supraorbital processes 12.7; width across postorbital processes 29.7.
Paratypes. Figure 2 shows the six paratypes in comparison with elements of the Laysan Duck (Anas laysanensis). The paratypes are as follows: fused vomer and right and left palatine bones (broken and repaired) USNM 535684 (Figs. 2B,C) ; right postdentary portion of mandible USNM 535685 (Figs. 2E, G) ; fragment of left innominate with antitrochanter and portion of acetabulum USNM 535688; proximal end of right tibiotarsus USNM 535689 (Fig. 2L) ; right tarsometatarsus USNM 535690 (Fig. 2I) ; left tarsometatarsus USNM 535691 ( Fig 2J) ; and right innominate lacking most of pubis and anterior margin of ilium USNM 535686 (Fig. 2N) , shown in the following views in order from top to bottom: dorsal, ventral, lateral and posterior. Abbreviations refer to the following structures: bpt, basipterygoid facet on parasphenoid rostrum; cffz, craniofacial flexion zone; fm, foramen magnum; frd, frontal depression; ios, ossified interorbital septum; lac, lacrimal bone; lons, lateral orbitonasal sulcus; me, mesethmoid; ulcus; ngfo, fossa for nasal gland; oc, occipital condyle; of, orbital foramen (for sphenoid artery); or, olfactory region of nasal cavity; pop, paroccipital process; pp, postorbital process; qco, cotylae for squamosal and otic capitula of quadrate; II, optic nerve foramen; IV, trochlear nerve foramen; V, trigeminal foramen. Scale bar = 1 cm. depth of ilium just anterior to acetabulum 12.4; width of ilium just posterior to antitrochanter 7.5; depth of antitrochanter 3.9; greatest diameter of acetabulum 6.0; length and depth of ilioischiadic foramen 16.1 x 7.4. Tibiotarsus: greatest width and depth of articular surface not including cnemial crests 8.7 x 10.0; width and depth of shaft proximal to fibular crest 5.7 x 3.8. Tarsometatarsi (535691 in parentheses): length 32.9 (28.7); proximal width 8.9 (8.0); proximal depth through hypotarsus 8.9 (---); least width and depth of shaft 5.7 x 3.4 (5.0 x 2.9); distal width 9.8 (8.5); width of middle trochlea 3.5 (3.3).
Description. The length of the tarsometatarsus, relative to its midpoint circumference, was significantly smaller in Talpanas than in other anseriforms (Fig. 3A) , thus indicating a relatively short and stout leg. The disparity in size of the two known tarsometatarsi of T. lippa (Fig. 2I, J) suggests that the species may have been sexually dimorphic, as in many waterfowl in which the males are larger (Dunning 2008) . The morphology of the pelvic appendage argues against underwater foraging behavior in Talpanas. The lack of medio-lateral compression or medial flattening of the tarsometatarsus, the lack of elevation and retraction of the inner trochlea, the shallow cnemial crests, and the broad posterior half of the pelvis are opposite to the modifications observed in typical foot-propelled diving ducks. The trochleae of the tarsometatarsus are rather widely splayed and, although that for digit II is somewhat elevated it is not retracted with a bladelike posterior edge, as in diving ducks. The overall similarity of the pelvic appendage lies with graviportal terrestrial species.
FIGURE 3. Morphometrics of the tarsometatarsus (A) and palatines (B) of Talpanas lippa illustrated with box and whisker plots. In both plots, the 'T' indicates Talpanas, the box indicates the interquartile range of all waterfowl with the central line running through it representing the mean and the vertical lines indicate the maximum and minimum values for all waterfowl apart from Talpanas. (A) is a vertical box and whisker plot of the ratio of tarsometatarsal length ('l') to tarsometatarsal circumference ('c'). Note that Talpanas has a significantly lower ratio than all other waterfowl, indicating a short and thick tarsometatarsus. (B) a vertical box and whisker plot of palatine divergence ('Palatine angle') measured in degrees (degs) (for measurement details see Materials and Methods). Again, note that Talpanas ('T') has a significantly higher value than all other waterfowl, indicating highly divergent palatines.
The retroarticular process of the mandible is much shorter and less curved than in typical waterfowl (Fig.  2) , probably reflecting a decrease in use of M. depressor mandibulae for the rapid bill movements that occur during feeding in waterfowl (Goodman & Fisher 1962) . The vomeropalatines are also highly distinctive; the palatines are narrowly tapered posteriorly and are fused, unlike those of typical waterfowl, and the palatines diverge at a very wide angle anteriorly (Figs. 2B, C) , which is significantly greater than in other anseriforms (Fig. 3B, Table 2 ). This may indicate a broadening of the base of the bill, but may also be a reflection of the great foreshortening of the anterior portion of the cranium so that a greater angle would be required to reach the same point of attachment to the base of the bill. Table 4 ) places Talpanas ('T') in a unique position in multivariate space in both B and C. The braincase of Talpanas is unique in several respects. Plots of the first three principal components from an analysis of eight measurements show that Talpanas is significantly different from other anseriforms in multivariate space (Fig. 4) . Specifically, Talpanas has a wide nasofrontal hinge, interorbital region, braincase and postorbital processes combined with a short skull, narrow supraorbital process and lacrimal width, and a shallow braincase. Based on the position and size of the fossa for the nasal gland, which demarcates the lateral border of the orbit (Witmer 1995) , the eyes were small and laterally displaced (Fig. 1) compared with other anatids. Talpanas lacks the fenestra on either side of the foramen magnum (fonticulus occipitalis) characteristic of many anatids, but these are absent in a number of species and may even be individually variable.
The most unusual aspects of Talpanas concern the relative size of the foramina associated with the optic (nII) and trigeminal (nV) nerves as shown by the cross-sectional area of the maxillo-mandibular (M-M) foramen and the optic foramen. The cross-sectional area of the M-M foramen, the primary exit point of the trigeminal nerve, is significantly larger in Talpanas relative to skull length and foramen magnum area than in any other anseriform (Fig. 5A) . In contrast, the relative cross-sectional area of the optic foramen is significantly smaller in Talpanas than in other anseriforms (Fig. 5B) . Thus, Talpanas has both the smallest optic foramen and largest trigeminal foramen of any anseriform examined.
Conclusions
The braincase of Talpanas is much wider and shallower for its length, the tarsometatarsus is extremely stout for its length and, most remarkably, the trigeminal system is grossly enlarged and the visual system greatly reduced compared with other anseriforms. Because of these unique specializations and the limited knowledge of the rest of the skeleton, the relationships of Talpanas to other anseriforms are as yet uncertain. The braincase lacks the inflated nasofrontal region typical of geese (Branta, Anser), which suggests that Talpanas was not derived from the Anserini.
Fossil birds have been found on Kauai only in two areas, the lake deposits where the remains of Talpanas were found (Burney et al. 2001 ) and the adjacent Makawehi dunes (Olson & James 1982) , where no remains of Talpanas have been recovered. The dunes were hot, dry, open areas with strand vegetation, although with forest nearby. The lake deposits, on the other hand, although very close to the coast, were surrounded by mixed forest (Burney et al. 2001) . Even here, Talpanas was very rare, the minimum number of individuals recovered being only two. The preferred habitat of the bird was probably moist, closed canopy forest with abundant litter, so that the species may have been more abundant in wetter areas at higher elevation.
The relatively stout and short tarsometatarsus combined with a lack of large muscle scars suggests that Talpanas was not a swimmer, but a graviportal terrestrial bird that most likely was flightless. Vision is critical for flight in birds because it is the only sense that can provide spatial information at sufficient resolution and speed to guide movement through the air. Furthermore, flightless birds in general have relatively small eyes compared with their volant relatives (Ritland 1982; Brooke et al. 1999; Martin et al. 2007) . Therefore, the reduced visual abilities implied by the small orbits and optic foramen of Talpanas suggest that the bird was unlikely to have been capable of flight. Flightlessness has evolved independently numerous times in waterfowl (Feduccia 1999) , particularly those isolated on islands, including the Hawaiian archipelago (Olson & James 1982 , so it would not be unusual if another species had evolved flightlessness.
Flightlessness and reduced visual abilities suggest that Talpanas may have been nocturnal or at least capable of activity at night as well as day. In general, nocturnality in birds is associated with an increase in eye diameter (Hall & Ross 2007) , as in owls and nightjars, but relatively smaller eyes do occur in at least two nocturnal and flightless taxa: kiwis (Apteryx spp.) and the parrot Strigops habroptilus (Ritland 1982; Martin et al. 2007) . Likewise, other nocturnally active or fossorial vertebrates that do not rely on vision, such as echolocating bats, moles, and mole-rats, have relatively small eyes (Ritland 1982) and poorly developed visual systems (Catania 2000; Crish et al. 2006; Nemec et al. 2008) . Thus, the reduction in size of the optic foramen and the orbits together suggest both flightless and nocturnal habits in Talpanas.
Although the holotypical cranium did not have an associated beak, the divergence of the palatines suggests that the base of the beak was relatively broad. Although its overall shape is unknown, the beak was likely the primary means of searching for and detecting prey, based on the enlargement of the trigeminal foramen. The trigeminal nerve, which passes through the foramen, receives somatosensory input from receptors on the face and in the oral cavity and, in some species, also receives input from infrared-receptors, electroreceptors and magnetoreceptors (Butler & Hodos 2005) . In fact, the platypus, which is well known for its electroreceptive abilities (Pettigrew 1999) , shares with Talpanas a grossly enlarged trigeminal nerve (Home 1802) . This raises the intriguing possibility that Talpanas may have relied on more than simple tactile input in prey detection.
The only anatids approaching Talpanas in the enlargement of the trigeminal foramen are the stiff-tail ducks of the tribe Oxyurini, which feed mainly on small aquatic invertebrates taken when dabbling on the surface or while diving underwater (Brua 2001) . Unlike other ducks with similar diets, stiff-tail ducks do not appear to use vision to locate prey when diving. Instead, they insert the bill into the substrate and move the head back and forth in lateral arcs (Tome & Wrubleski 1988 ) and appear to rely on tactile cues. Despite this apparent reliance on somatosensory input in stiff-tail ducks, they have not undergone a reduction in the visual system, so whatever Talpanas was doing was unique.
Based on the morphology of the holotype and paratypes, we conclude that Talpanas was likely a nocturnal, flightless duck that relied primarily upon somatosensory cues for foraging and prey capture. Olfaction may also have played a role, but the inferred massive size of the trigeminal nerve suggests that somatosensation was preeminent in foraging. As a result of its probable flightless condition and reduced orbits and optic foramen size, Talpanas may be viewed as a duck that evolved into a kiwi-like niche on Kauai. That is to say, a nocturnal, flightless species that foraged using non-visual cues (olfactory, somatosensory or a combination thereof).
